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Abstract This article provides an overview of the state-of-
the-art and future trends of the application of LC–high
resolution mass spectrometry to the environmental analysis
of polar micropollutants. Highly resolved and accurate
hybrid tandem mass spectrometry such as quadrupole/time-
of-flight and linear ion trap/orbitrap technology allows for a
more reliable target analysis with reference standards, a
screening for suspected analytes without reference stand-
ards, and a screening for unknowns. A reliable identifica-
tion requires both high resolving power and high mass
spectral accuracy to increase selectivity against the matrix
background and for a correct molecular formula assignment
to unknown compounds. For the identification and structure
elucidation of unknown compounds within a reasonable
time frame and with a reasonable soundness, advanced
automated software solutions as well as improved predic-
tion systems for theoretical fragmentation patterns, reten-
tion times, and ionization behavior are needed.
Keywords High resolution mass spectrometry .Mass
accuracy . Polar organic compounds . Non-target screening .
Resolving power
Introduction
LC-MS technologies have opened the analytical window to
thermolabile, polar compounds within the last 15 years. As
a result, polar organic micropollutants have moved increas-
ingly into the focus of environmental scientists, regulatory
agencies, and politicians. On the basis of a large number of
studies, it became evident that many polar micropollutants
such as pesticides, pharmaceuticals, and industrial chem-
icals are present in the environment. Additionally, transfor-
mation products might be produced, of which perhaps just a
few have so far been identified (e.g., [1]). To meet the
challenges posed when analyzing a mixture of many known
and unknown compounds at low concentrations in complex
matrices, a range of different LC-MS technologies have
been put forward in recent years. In particular, the coupling
of LC to high resolution mass spectrometry (HRMS) with
high mass accuracy has emerged as a powerful tool. Among
the possible ionization techniques electrospray (ESI) is by
far the most widely used as compared with atmospheric-
pressure chemical ionization (APCI) or the more recent
atmospheric-pressure photoionization (APPI).
A brief overview of commercially available mass
spectrometers used with LC and their figures of merit are
given in Table 1. Instruments with triple quadrupole (QqQ)
and to a lesser extent quadrupole ion trap (QIT) technol-
ogies are the workhorses in target analysis. These usually
offer high sensitivity and selectivity, but operate at unit
resolution and in the case of QqQ have a low sensitivity in
full-scan mode, which limits their capabilities in the
detection of unknowns. LC–time-of-flight (TOF) instru-
ments with a high acquisition speed are now generally
capable of 20,000 resolving power (R; defined throughout
this article at full width at half maximum, FWHM), but
sensitivity and the linear dynamic range are still lower than
for the other technologies. Fourier transform ion cyclotron
resonance (FT-ICR) mass analyzers have been rarely used
in polar organic trace analytics due to their high costs, but
the orbitrap technology, which was introduced to the
market in 2005, is increasingly applied due to the
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combination of high R (up to 100,000), high mass accuracy
(<2 ppm), and a sensitivity down to the femtogram range.
Combination of two different mass spectrometer types in
so-called hybrid instruments such as quadrupole/TOF
(QTOF) or linear ion trap/orbitrap (LTQ Orbitrap) have
particularly shown excellent detection and identification
capabilities for low molecular weight compounds in various
matrices based on high resolution accurate mass measure-
ment of precursor and product ions ([2–5]).
In the following discussion we illustrate the features,
advantages, and limitations of LC coupled to HRMS for
three conceptually different analytical approaches: (i)
quantitative target analysis with reference standards; (ii)
suspects screening without reference standards; and (iii)
non-target screening of unknowns. A systematic workflow
for all three approaches is depicted in Fig. 1, and their main
characteristics and the state of the science are presented and
discussed in the following sections. Finally, we highlight
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Fig. 1 Comparison of
systematic workflows for (i)
quantitative target analysis with
reference standards, (ii) suspects
screening without reference
standards, and (iii) non-target
screening of unknowns in envi-
ronmental samples by using
LC–high resolution (tandem)
mass spectrometry.
*Note that the m/z range of the
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mass filtering depends on the
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Table 1 Comparison of commercial mass analyzers in LC-MS instruments. Typical values for an m/z range of 300–400 are given; specific
instruments or configurations might achieve better figures of merit
Mass spectrometer Resolving powera
(FWHM)
Mass accuracy (ppm) Linear dynamic
range
Sensitivityc (absolute mass)
Triple quadrupole (QqQ) Unit resolutionb 50 104 Femto- to picogram (SRM)
Quadrupole ion trap (QIT) 10,000 50 103 Femto- to picogram (SRM, full scan)
Time-of-flight (TOF) 20,000 3 102–103 Picogram (full scan)
Orbitrap 100,000 2 103–104 Femto- to picogram (full scan)
Fourier transform ion cyclotron
resonance (FT-ICR)
1,000,000 ≤1 104 Picogram (full scan)
a Resolving power depends on m/z range and scan speed on most instruments
b Unit mass resolution is the resolution for standard quadrupole instruments; with special hyperbolic quadrupole instruments a resolving power of 5,000 and
a mass accuracy of 5 ppm can be achieved without a major loss of signal intensity
c Sensitivity depends strongly on the ionization efficiency of the compound in the ion source
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future trends and requirements. Although this article
focuses on the HRMS detection and data evaluation steps,
the preceding analytical procedures (extraction, enrichment/
purification, LC separation, ionization) are of equal
importance for the different approaches. To gain optimum
performance for the target, suspects, and non-target
screening the conditions for extraction, purification, and
LC separation have to be adapted for each workflow. A
sophisticated HRMS approach cannot detect an analyte if it
is not ionized by the chosen technique or if its ionization is
suppressed by a strong matrix background due to insuffi-
cient cleanup.
Target analysis
The identification and quantification of micropollutants at
low concentrations requires both a high sensitivity and
selectivity against complex matrix backgrounds. For a large
range of compounds, selected reaction monitoring (SRM)
of precursor-product ion transitions by using QqQ or QIT
instruments fulfills these prerequisites. A range of studies
have shown, however, that monitoring only one transition
might result in false positive identifications for individual
compounds and thus at least two transitions are required
[6]. While this approach has proved adequate for the
majority of polar compounds in environmental matrices [6],
several limitations have become evident:
(i) Under the constraints of at least two transitions, SRM
methods are typically limited to about 100–150 target
analytes depending on chromatographic separation, as
otherwise accuracy or sensitivity deteriorate due to an
insufficient temporal peak resolution or too short acquisition
times for the individual MS/MS transitions, respectively.
(ii) For some analytes, only non-specific transitions such
as the neutral loss of H2O or CO2 might occur, which
are common also for matrix interferences.
(iii) Some analyte ions, particularly those of low molec-
ular weight, show only one transition. In some cases
only one product ion shows a sufficient signal
intensity, while that of others is very low, resulting
in higher limit of quantification (LOQ) values.
HRMS target analysis offers promising solutions to these
three limitations of SRM analysis. Virtually all compounds
present in a sample can be determined simultaneously with
HRMS instruments operating in full-scan mode, making no
preselection of compounds and associated SRM transitions
necessary. Additionally, hybrid instruments offer the possi-
bility of data-dependent (also termed information-
dependent) MS/MS acquisition, i.e., an MS/MS analysis is
triggered if a compound from a target ion list is detected in
the full scan [7, 8]. This additionally allows for full-scan
product ion spectra recording within the same run for 500
compounds or more. However, on QTOF instruments, these
capabilities are impaired by the limited sensitivity, which is
about 1–2 orders of magnitude lower than those of QqQ
instruments in SRM mode, and the limited dynamic range
which is about 10-fold below that of QqQs [2]. Thus,
QTOF instruments have been used only occasionally for
quantification (overviews given by [9, 10]) and one
established strategy is to use QqQ for quantification and a
separate QTOF analytical run for confirmation of positive
findings if concentrations are sufficiently high [6, 11]. The
LTQ Orbitrap instrument offers a better dynamic range and
a sensitivity close to that of many QqQ instruments [12,
13], thus allowing for quantification and confirmation in a
single analytical run.
Limitations (ii) and (iii) apply particularly to salt or
solvent adduct ions, which are formed additionally to or
instead of the protonated or deprotonated molecules upon
ESI. While some alkali metal adducts often yield no
product ions at all, other adducts dissociate unspecifically
to yield the (de)protonated molecule upon SRM. An
example is the analysis of the artificial sweetener sucralose,
which was recently detected as a persistent compound in
environmental water samples [14]. The formic acid adduct
as well as the [M−H]− ion show only unspecific SRM
transitions (loss of formic acid and one chlorine atom,
respectively). An HRMS monitoring of these ions, and the
respective transitions provided a more selective confirma-
tion of positive findings [15].
Figure 2 illustrates the superior performance of HRMS
for target analysis as compared with SRM at unit mass
resolution for low molecular weight N-nitrosamines (74–
199 Da) in wastewater samples by using an LTQ Orbitrap
[12]. The number of intense and specific MS/MS transitions
was small. Sensitivity in QqQ or QIT analyzers was usually
limited by a high background in SRM experiments (Fig. 2a,
left), which particularly increased with increasing complex-
ity of the matrix, as can be seen by a comparison of
secondary and primary sewage treatment plant effluent. An
excellent selectivity regardless of the different matrices
could be achieved for most compounds with an R=30,000
(Fig. 2a, right), by which the target analytes could be
distinguished from interferences of the same nominal m/z
(Fig. 2b). However, with high resolution full scan, false
positive identifications might also be possible; a coeluting
and isobaric compound was detected for N-nitrosomorpho-
line in wastewater samples, which could only be distin-
guished by MS/MS [12] or separated by using an LC
column of different polarity. This highlights the fact that
even with HRMS the selectivity provided by a preceding
LC separation is useful and that tandem MS capabilities are
recommended for an adequate confirmation of positive
findings in complex environmental matrices.
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Suspects screening
In contrast to target analysis, the suspects screening
approach (Fig. 1) does not rely on reference standards for
quantification and confirmation. These reference standards
are currently not available for a large number of potential
environmental contaminants, in particular transformation
products. However, compound-specific information for
suspects is available, such as molecular formula and
structure, which can be efficiently used in the identification
and confirmation process. First, the molecular formula
allows for the calculation of an exact m/z of the expected
ion, which is in turn extracted from the high resolution full-
scan chromatogram. For ESI, this task benefits from the
fact that predominantly [M+H]+ and [M−H]− ions are
formed, except for some compounds which exclusively
show adduct formation. In the case of positive findings,
further confirmatory steps based solely on structure-derived
information can be employed (Fig. 1), as exemplified by
Kern et al. [16]. In their study, besides literature sources, a
knowledge-based pathway prediction software tool was
used to generate a list of 1,794 suspected microbial
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Fig. 2 a LC-MS chromatograms of N-nitrosopiperidine (NPIP)
obtained from SRM at unit mass resolution (ion trap) and HRMS full
scan at R=30,000 using an LTQ Orbitrap. A calibration standard of
10 ng/mL in water/methanol 95:5, and extracts of a secondary and a
primary effluent sample from a sewage treatment plant both spiked at
20 ng/L are shown. All peaks correspond to about 200 pg of compound
on column. b Section of the high resolution full-scan mass spectrum
from the secondary effluent sample extract showing NPIP and interfering
compounds of the same nominal mass with molecular formula assign-
ments and mass accuracy. Further analytical details are given in [12]
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transformation products of polar micropollutants, which
were searched for in surface water samples by using an
LTQ Orbitrap at R=60,000. The large number of suspects
required an efficient filtering approach, comprising rather
straightforward and obvious criteria such as absence in
analytical blanks and the match of the observed isotope
pattern with the theoretically predicted ones for the
molecular formula of the suspect. Furthermore, physico-
chemical properties and in turn the chromatographic
retention times were predicted from the molecular structure.
Such a quantitative approach has so far not been applied in
environmental screening, but the wide prediction margin
obtained in this study renders it more a soft plausibility
check as compared with the isotope match criterion.
Finally, Kern et al. [16] tentatively identified 19 transfor-
mation products which all later could be confirmed by
using reference standards. This indicates that under the
criteria employed the probability of false positive findings
is low.
A less straightforward problem to assess is the possible
occurrence of false negatives, as it is inherent in the
suspects screening approach (as well as in the unknown
screening approach, see below). Without an analytical
standard it is not possible to prove from the outset whether
a compound present in a sample will be identified in the
chromatogram, as it could get lost during any step of the
analytical procedure or is not ionized as anticipated. Thus, a
careful validation of the whole procedure using a range of
reference standards and a comparative assessment based on
the (estimated) physicochemical properties of the suspects
is a prerequisite to minimize the occurrence of false
negatives. Another reason for false negatives is an
insufficient mass resolution, as unresolved isobaric ions
will yield an inaccurate “mixed” mass [17]. The resolving
power actually needed depends strongly on the molecular
composition as well as on the molecular weight of the
compound and the interferences derived from the matrix
background.
The impact of the matrix background is exemplified in
Fig. 3 for soil extracts, in which pesticides and suspected
transformation products were searched for. The distribution
of ions from the natural soil matrix centers in a band from
about 50–150 mDa mass defect at m/z 150 to 200–300 mDa
mass defect at m/z 450 (Fig. 3a). This mass defect range
corresponds typically to constituents and fragments of
natural organic molecules such as fatty acids, peptides,
polyphenols, carbohydrates, and humic acids, and is
dominated in its composition by C, H, N, and O.
Obviously, a detection and confirmation of suspects falling
into this “matrix band” might be difficult. This is shown for
a suspected transformation product of the herbicide lenacil,
which contains only C, H, N, and O. The extracted ion
chromatogram of the [M+H]+ ion at m/z 249.1234 (i.e.,
mass defect of 123.4 mDa) shows a high background at
retention times between 4 and 10 min. In contrast, the
extracted ion chromatogram of the herbicide linuron, which
has a mass defect below this band (19.2 mDa), shows one
single peak without any interference from the matrix
background over the whole chromatogram (Fig. 3b). A
relatively low positive or a negative mass defect coincides
with a low number of hydrogens and a relatively large
number of heteroatoms (Cl, Br, S, F, P). In the case of Cl,
Br, and S these also show a prominent isotope pattern
facilitating confirmation (see also Non-target screening).
Similarly, compounds having a very high positive mass
defect, caused by large aliphatic substructures and a low
number of heteroatoms, do not fall into this “matrix band”
as shown by Li and Brownawell [18] for quaternary
ammonium compounds in water samples.
Thus, the identification of suspects with either high or
low mass defects might generally require a lower R than
that of compounds predominantly composed of C, H, O,
and N. Theoretical calculations show that for low molecular
weight compounds a complete separation of the suspected
peaks from a CHON background is also possible at a
relatively low resolving power [12], as the number of
chemically meaningful compositions is relatively low. This
is indicated in Fig. 2b for N-nitrosopiperidine, which could
be resolved from all other CHON-containing ions as well as
from some 13C1-containing ions at R=30,000. With
increasing m/z, the number of meaningful structural
analogues increases dramatically [19]. While at m/z=115,
11 plausible CHON ions are possible, for an m/z of 249 this
number increases to 87 (Fig. 3c), which can only be
resolved completely at R=200,000. Luckily, only a very
limited number of background ions seem to be actually
present in mass spectra of environmental samples, as
indicated in Fig. 3c. Thus, there is a good chance to resolve
the suspect ions from the matrix at a lower R than
theoretically required, but there might always be an
unfortunate case of a particular suspect ion that cannot be
resolved from the matrix background. Beyond these
theoretical considerations, practical experience up to now
shows that a resolving power of 20,000 to 60,000 is
required for many polar micropollutants, depending on the
complexity of the matrix, which is corroborated from food
residue analysis [3].
Non-target screening
In contrast to suspects screening, non-target (unknown)
screening in a strict sense starts without any a priori
information on the compounds to be detected. Many studies
in the literature thus fall in between these two categories, as
in systems with well-controlled boundary conditions such
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as transformation experiments, e.g., [20–22], the number of
chemically meaningful structures which can be assigned to
an unknown peak detected is limited to structures showing
a close relationship with the parent compound and an
adequate control sample or time series is available. For this
type of experiment, an identification by HRMS(/MS) alone
can often be considered as definitive. A tentative identifi-
cation of non-target analytes in environmental samples with
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b Extracted ion chromatograms
(R=60,000, mass accuracy win-
dow 5 ppm) of the herbicide
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formation product of lenacil in a
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electrospray ionization, but a
different mass defect. c Distri-
bution of all combinatorial pos-
sible even-electron [M+H]+ ions
of a nominal m/z of 249 con-
taining 6–20 C, 1–40 H, 0–8 O,
and 0–8 N atoms as a function
of mass defect as well as ions of
nominal m/z 249 actually pres-
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unconstrained boundary conditions is more challenging,
and a structure proposition for a peak detected by high
resolution MS and MS/MS spectra involves several work-
intensive data and expert processing steps. Several
approaches differing in number and order of the evaluation
steps are discussed in the literature [7, 23–26]. Although
the described non-target workflows are often focused on
one specific evaluation step, the following key features
have emerged: (i) an automated peak detection by exact
mass filtering from the chromatographic run; (ii) an
assignment of an elemental formula to the exact mass of
interest; and (iii) a database search of plausible structures
for the determined elemental formula (Fig. 1). For an
automated compound detection several software packages
using different peak detection algorithms are available and
usually offered by the MS manufacturer [7]. The capabil-
ities and limitations of the elemental composition predic-
tion from accurate mass measurements by using heuristic
rules [19, 27] or profile MS data after peak shape
calibration [28] was comprehensively investigated.
Searching in large compound databases (e.g., Pubchem)
for possible structures of an elemental formula normally
results in numerous hits which need to be ranked further
by MS/MS data. The search for unknowns in MS/MS or
in-source fragment ion libraries is limited to the recorded
spectra of reference standards [29], which is not sufficient
for a real unknown screening and suffers from limited
comparability among instruments. Therefore an in silico
strategy for determining unknown chemical structures by
matching measured with computational fragmentation
spectra of compounds queried from chemical databases
seems to be a valuable tool [30]. However, a prediction of
product mass spectra yields a large number of possible
fragments, of which a rather small number are actually
observed.
The results of an unknown screening are briefly
demonstrated for a groundwater sample from the Swiss
plateau (more details in [31]). After solid-phase extraction
(SPE) enrichment, separation on a C-18 column, and ESI in
positive ion mode, full-scan MS spectra with a resolving
power of 60,000 (at m/z 400) and data-dependent MS/MS
spectra of the most intense parent ions with a resolving
power of 7,500 were acquired by using an LTQ Orbitrap.
The mass accuracy achieved by external mass calibration
was less than 5 ppm.
For compound detection by exact mass filtering of the
HRMS scan (m/z 115–1,000) the Formulator software
(Thermo Scientific, San Jose, USA) was used, which
utilizes an algorithm based on a recursive base peak
framing, which iteratively groups peaks occurring within
the specified m/z window of ±5 ppm and a retention time
window of 0.5 min. After subtraction of an analytical blank
chromatogram 3,800 peaks with a signal-to-noise ratio
greater than 5 were obtained. For further evaluation the
most intense peak containing a distinct chlorine isotope
pattern was selected, showing an [M+H]+ ion at m/z
160.0272 Da and a retention time of 2.2 min. By
considering the accurate mass and the isotope pattern an
elemental composition C5H6Cl1N3O1 could be unambigu-
ously assigned to the uncharged molecule by constraining
the atoms to C, H, N, O, S, Cl, and Br for the molecular
formula fit. For the molecular formula fit the Seven Golden
Rules software tool, which can be downloaded free of
charge from the Internet, was applied [27]. About 100
chemical structures were obtained from a search in
Pubchem and Scifinder databases for C5H6Cl1N3O1. The
comparison of the predicted MS/MS spectrum of all
database hits using the Mass Frontier software (HighChem,
Bratislava, Slovakia) with the measured MS/MS spectrum
ranked chloridazon-methyl-desphenyl first in the list of
possible structures. The measurement of a reference
standard confirmed the peak as chloridazon-methyl-
desphenyl, one important transformation product of the
herbicide chloridazon [32].
As illustrated, the presence of a distinct isotope signal at
M+2, as is the case for Cl-, Br-, and S-containing
compounds is important for the elemental composition
elucidation. Thus, unknown identification is currently
biased to these types of compounds. For other unknown
substances containing C, H, N, O, F, and P only, which
show subtle and low intensity isotope differences both
resolving power and spectral accuracy of the MS will
determine the performance of the elemental formula fit
[19]. Currently, TOF instruments seem to have a somewhat
better spectral accuracy (>1%) than Orbitrap instruments,
exhibiting a spectral error of 3% and 10% at a resolving
power of 7,500 and 100,000, respectively [28]. Furthermore
the MS/MS prediction alone is not sufficient for a
successful assignment of a suitable structure to a molecular
formula; additional computational approaches are required
in this workflow step. The estimation of retention times
from estimated physicochemical properties as shown for the
suspects screening by Kern et al. [16] or the use of
fragment libraries with accurate mass information (not
full-scan MS/MS libraries) is likely to improve the match
between measured data and candidate structures.
LC-HRMS is an accepted technology for generating
meaningful structure suggestions of suspects and unknowns
present at low concentrations in environmental samples.
One has to bear in mind, however, that an unequivocal
identification of trace-level compounds in environmental
systems is in most cases not possible by HRMS alone
without the application of additional knowledge, comple-
mentary techniques, or an authentic reference standard. As
a fast evaluation tool for possible candidates, HRMS is
ideal when it is combined subsequently with a powerful
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structure elucidation technique like NMR [33], although
this requires sufficiently high concentrations and often an
isolation of the unknown compound. Note that in natural
product chemistry typically these two spectroscopic techni-
ques along with further information on functional groups
and elemental composition are required for the true
identification of a new compound.
Future perspectives
The preceding sections demonstrate that LC-HRMS opens
the possibility to identify polar target, suspect, and non-
target compounds with improved reliability and robustness.
Accordingly, within the 2002/657/EC guideline [34] HRMS
precursor and product ions (R>20,000) earn 2 and 2.5
identification points, respectively, instead of 1 and 1.5
points for low resolution MS precursor and product ions.
However, additional and more precise criteria for the use of
mass accuracy and mass resolution have to be implemented
here to define clearly the requirements for a reliable
confirmation with LC-HRMS technologies [17, 35]. For
laboratories which produce legally relevant residue analyt-
ical results, this improved confidence will become increas-
ingly important. Therefore it seems likely that despite the
higher investment costs as compared with LC-QqQ instru-
ments, LC-HRMS instruments will find their way from
research into routine analysis. With regard to environmental
monitoring programs, a major advantage of LC-HRMS is
the possibility of retrospective analysis of full-scan data,
which enables laboratories to search for “new” contami-
nants years after data recording. Intelligent strategies allow
for combining target analysis and suspects and non-target
screening into the same analytical run, including the
recording of product ion spectra for target and suspected
compounds and intense unknown peaks by data-dependent
MS/MS analysis.
Emerging LC-MS ionization techniques such as APPI
could possibly extend the analytical window towards less
polar compounds in the future. However, the application of
APPI for the screening of suspects and unknowns is
complicated by the fact that a range of different ions from
one compound might be formed (molecule ion, (de)
protonated molecule ion, adducts ions), which depends
strongly on ionization conditions and is not uniform among
compounds of different properties [36].
For reliable formula assignment, an R>60,000 is
recommended and the accuracy of the isotope intensities
must be excellent to allow also elemental formula fits for
substances without highly characteristic isotope pattern
(consisting solely of C, H, O, N, F, P) with distinct isotope
patterns. So far the assignment of the most probable
chemical structure to an elemental formula is the most
challenging step in the non-target screening workflow. To
increase the success rate of this step, existing approaches
have to be optimized like the ability to model MS/MS
spectra including product ion intensities. Furthermore,
quantitative structure–property relationships could be used
for an improved estimation of chromatographic retention
times and ionization efficiencies to support a tentative
identification. The study by Chalcraft et al. [37] suggests
furthermore that with a refined computational prediction of
ionization efficiencies from chemical structure or available
physicochemical parameters some progress could be made
towards a (semi)quantitative analysis of unknowns and
suspects without reference standards.
To enable a non-target screening of environmental
samples with several thousand peaks within a reasonable
time frame, advanced software solutions are needed with
capabilities for automated batch processing and fast
database queries. At the moment, integration within handy
workflows of software packages is mainly available in the
field of metabolomics, which is only partly applicable to
environmental samples.
Most probably, the impact of LC-HRMS in environmental
analysis will increase within the coming years and this
technology will make the environment more transparent with
regard to the occurrence and fate of polar micropollutants.
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